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Abstract – Atom interferometers have been used to measure acceleration with at best a T 2
scaling in sensitivity as the interferometer time T is increased. This limits the sensitivity to
acceleration which is theoretically achievable by these configurations for a given frequency of
acceleration. We predict and experimentally measure the acceleration-sensitive phase shift of a
large-momentum-transfer atom interferometer based upon Bloch oscillations. Using this novel
interferometric scheme we demonstrate an improved scaling of sensitivity which will scale as T 3.
This enhanced scaling will allow an increase in achievable sensitivity for any given frequency of an
oscillatory acceleration signal, which will be of particular use for inertial and navigational sensors,
and proposed gravitational wave detectors. A straight forward extension should allow a T 4 scaling
in acceleration sensitivity.
Cold-atom interferometers which measure accelerations
have many applications at the cutting edge of technology
and fundamental physics. These range from inertial sens-
ing and navigation [1, 2, 3, 4], geodesy and climate mon-
itoring though atomic equivalents of the GRACE project
[5], to measurements of the fine structure constant [6, 7, 8],
gravitational wave detection [9], and other tests of general
relativity [10]. These devices measure the acceleration a
which would be experienced by a freely accelerating test
mass m, by comparing the accumulated phase of atoms
travelling along each of the two space-time trajectories
which make the interferometer. As the two trajectories
are coincident at the beginning and end of the interfer-
ometer, they enclose an area in space-time, defined by
A =
∫
∆x dt (see Fig. 1). In a separate paper [11] we
use the Feynman path-integral formalism to show that the
relative phase of such an interferometer can be written as
Φ = m
h¯
A · a, under quite general time-symmetry condi-
tions [12]. Therefore, the phase sensitivity to acceleration
is given by dΦ
da
= m
h¯
A.
Two acceleration sensitive configurations are in common
use. The Ramsey-Borde´ (RB) configuration [13, 14, 15,
16, 17, 18, 19] [shown in Fig. 1 (a)] is constructed from
two trajectories which stay a constant displacement ∆x
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apart for the duration T of the interferometer, neglect-
ing the quick accelerations required to initially separate
and finally recombine the two paths. It therefore has a
space-time area ARB = ∆xT and so its acceleration sen-
sitivity scales linearly with T . The Mach-Zehnder (MZ)
configuration [19, 20, 21, 22, 23, 24, 25, 26] [Fig. 1 (b)] is
constructed from two paths that have a constant velocity
difference ∆v, which is reversed after the interferometer
time T . The MZ space-time area is given byAMZ = ∆vT
2
and so its sensitivity to acceleration will scale with T 2.
In this letter we present the logical extension: an inter-
ferometer configuration in which the two paths are sepa-
rated by a constant acceleration ∆ab (up to a sign change)
with respect to one another [as shown in Fig. 1 (c)].
In this configuration, the space-time area is given by
AT 3 =
∆ab
4 T
3 and so the sensitivity to the common, ex-
ternal acceleration a will scale as T 3. Our experimental
implementation of this technique uses Bloch oscillations
to affect the continuous acceleration ab. This Continuous-
Acceleration Bloch (CAB) technique combines this new
geometry with an MZ configuration to achieve a space time
area of ACAB = AMZ + AT 3 = ∆vT
2 + ∆ab4 T
3. There-
fore, our technique will allow greater sensitivity than an
MZ configuration for any given interferometer time T and
scales as a higher power of T , thereby increasing the phase
sensitivity to accelerations at any given frequency of accel-
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Fig. 1: The space time area A =
∫
∆x dt is illustrated for sev-
eral acceleration-sensitive interferometer configurations. For
clarity, the common inertial acceleration a is zero in this dia-
gram. (a) In a Ramsey-Borde´ configuration, the two particle
trajectories are separated by a constant displacement ∆x for
the duration of the interferometer. (b) A Mach-Zehnder con-
figuration separates the two trajectories by a constant velocity
difference ∆v. Halfway through the interferometer, this ve-
locity difference reverses sign. (c) This paper introduces the
configuration in which the two trajectories are separated by a
constant acceleration ∆ab.
erations to be measured. Of all the applications for atom-
interferometric accelerometers mentioned, inertial sensing,
navigation and gravitational wave detection are the three
which will immediately benefit from this increased sensi-
tivity at a given frequency. We will now experimentally
demonstrate this faster scaling in phase sensitivity to ac-
celeration as compared with a standard MZ configuration.
Extension of the technique to higher scalings in T are also
discussed.
Atom interferometers utilising large momentum separa-
tion require a source cloud of atoms with a narrow mo-
mentum width to maintain interferometer visibility [27].
Our technique for generating such a cold atom source is
detailed in Ref. [24]. Briefly, we form a 2×106 atom Bose-
Einstein condensate of 87Rb in a cross-beam dipole trap
[see Fig. 2 (a)], before turning off the cross beam to load
the condensate into the remaining dipole trapping beam,
the optical waveguide. An optical delta-kick cooling se-
quence is employed followed by velocity selection Bragg
pulse to create a cold cloud with a longitudinal momen-
tum width below 0.05h¯k.
The optical lattice used to apply the interferometry se-
quence to the atoms is described in Ref. [25]. We have up
to 50mW in each of two counter-propagating laser beams
aligned collinear with the waveguide, detuned 105 GHz to
the blue from the |F = 1〉 → |F ′ = 2〉 transition of the
D2 line in
87Rb, which keeps the number of spontaneous
emissions below 1% of our total atom number during our
interferometric sequence. Arbitrary, independent control
of the frequency detuning and amplitude of each beam is
achieved using a direct digital synthesiser.
MZ Interferometry sequence. – A standard MZ
interferometer sequence is constructed as follows, each
part of which is labeled with roman numerals correspond-
ing to its depiction in Fig 2 (b). First, a cold cloud of
Rubidium-87 atoms with a narrow momentum width is
loaded into a horizontal optical waveguide, which effec-
tively confines them to move freely in only the longitu-
dinal direction (x in Fig. 2). i. An optical standing
wave formed from two counter-propagating beams each of
wavevector ±k is then used as a matter-wave diffraction
grating, beam-splitting the atoms along two trajectories
which are separated in momenta by the Bragg condition,
∆px = 2nh¯k, where n is the diffraction order. iv. Af-
ter a time T , another Bragg-diffraction pulse is applied
which diffracts the stationary state to 2nh¯k at the same
time as diffracting the 2nh¯k state to be stationary. This
effectively swaps the momenta of each state, so it is the
atom-optical equivalent of a mirror. vi.When a total time
2T has elapsed and both trajectories are overlapping once
again, a final Bragg-diffraction beam-splitter pulse is ap-
plied which recombines the two momentum states. This
final optical standing wave can have an arbitrary phase
offset φpi
2
from the initial optical standing wave i, which
amounts to an x-displacement of the peaks and troughs in
optical intensity.
CAB interferometry sequence. – Our CAB inter-
ferometer sequence is built upon this standard MZ config-
uration. i. After the first Bragg-diffraction beam-splitter
there are two momentum states in the waveguide, one
stationary and one with momentum px = 2nh¯k in the
positive-x direction. ii. Over a time Tr we selectively load
the stationary momentum state into a stationary optical
lattice with a potential energy depth of 15Er, where the
photon recoil energy is given by Er = (h¯k)
2/2m. We ac-
celerate the lattice in the negative-x direction via nb Bloch
oscillations [28] over a time Tb, each of which imparts 2h¯k
momentum. This amounts to a constant acceleration rate
of ∆ab =
2nbh¯k
mTb
applied to the state loaded into the lat-
tice. The state selectivity is accomplished because the
optical lattice is moving fast enough with respect to the
p = 2nh¯k momentum state that this state experiences
just the time-averaged lattice potential, which imparts no
acceleration. iii. After a negligible time Tf we decelerate
the state until it is stationary again. iv. The Bragg-
diffraction mirror pulse is applied a time T after the be-
ginning of the interferometer, which swaps the momenta
of each state. v. The Bloch lattice acceleration and de-
celeration sequence is now applied to the other arm of the
interferometer. vi. The two momentum states are recom-
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Fig. 2: (a) A BEC is formed in a cross beam dipole trap (red), before it is released into the horizontal waveguide. The
interferometer is formed by optical pulses from the Bragg/Bloch beam (blue). Inset: The potential (not to scale) experienced
by the atoms when both the waveguide and the optical lattice are on. (b) Top: The space-time trajectory of each arm of
the interferometer (total time 2T ) is shown for both a 10h¯k MZ configuration (purple dashed lines), and the CAB sequence
(green solid lines) for the same time T . The vertical axis represents position along the horizontal waveguide in the experiment.
Bottom: Our pulse sequence for the CAB interferometer. 10h¯k Bragg diffraction pulses (purple gaussians) are the beam splitter
(pi
2
, outside) and mirror (pi, centre) pulses. 2nbh¯k Bloch lattice accelerations present in the CAB sequence (green trapezoids)
act only upon one arm of the interferometer at a time. (c) The relative population in one of the output states of an MZ with
T = 0.2ms is measured as the phase of the final beamsplitter pulse φpi
2
is scanned. Each realisation of the experiment is shown
as a red circle, and a sinusoidal fit to the data of the form Nrel =
V
2
cos(Φ + nφpi
2
) + c (shown in blue) is used to extract the
interferometric phase Φ, which is the acceleration signal.
bined by a final Bragg-diffraction beam-splitter. It should
be noted that the CAB sequence is actually a combination
of both configuration (b) and (c) depicted in Figure 1.
To obtain an interferometric fringe like that shown in
Fig. 2 (c), we allow the two final momentum states to
separate before taking an absorption image to count the
number of atoms Ni in each final state i. We calculate
Nrel =
N1
N1+N2
to remove the effect of run-to-run fluctua-
tions in total atom number of ≈ 15%. As the phase φpi
2
of the final beam-splitter is scanned, a fringe will be ob-
tained of the form Nrel =
V
2 cos(Φ+nφpi2 )+ c as shown in
Fig. 2 (c). The phase offset Φ of this fringe is our acceler-
ation signal.
The acceleration dependence of this phase offset is given
by the space-time area ACAB =
∫
∆x dt of our interferom-
eter,
ΦCAB =
m
h¯
a · ACAB
= 2
(
n+ nb ·
Tb + Tf
T
)
k · aT 2 (1)
which reduces to the phase offset of an MZ configuration
ΦMZ = 2nk · aT
2 when nb = 0.
In order to obtain the T 3 scaling, we must look at
what happens when the interferometer time T is increased,
keeping constant the relative acceleration ∆ab which we
apply via the Bloch lattice. In this case nb = Tb/τ , where
the constant τ = 2h¯k
m|∆ab|
is the period for one Bloch os-
cillation. Assuming Tr and Tf are much smaller than Tb,
then we have Tb →
T
2 , and Eq. (1) becomes
ΦCAB = 2nk · aT
2 +
k · aT 3
2τ
(2)
= ΦMZ +
k · aT 3
2τ
which explicitly shows the extra T 3 scaling in acceleration
sensitivity achievable with this configuration.
We experimentally test Eq. (1) by first measuring ΦMZ
for a standard MZ configuration with n = 5, nb = 0 (blue
triangles on Fig. 3) in order to extract the external ac-
celeration a due to a tilt in the waveguide. From this
we calculate via Eq. 1 what ΦCAB will be for the CAB
sequence (red dashed line). We then measure ΦCAB for
T = 0.642ms, nb = 1 through to T = 1.042ms, nb = 21
(red circles) and our experimental parameters were set
such that T = 2nbτ + 0.622ms with a Bloch oscillation
period of τ = 10µs. The excellent agreement shown in
Fig. 3 between the predicted phase for the CAB sequence
which was deduced from the MZ measurements, and the
measurements of ΦCAB validate Equation (1) and demon-
strate a T 3 scaling in phase sensitivity to acceleration.
We now turn to yet higher scalings with respect to
T . The maximum adiabatic acceleration rate ∆ab using
a Bloch lattice increases quadratically with lattice depth
[28], and therefore also increases quadratically with avail-
able laser power. This means that a Bloch-based constant
acceleration configuration can achieve a larger space-time
area for constant T and a given laser power than an equiv-
alent sequential-Bragg configuration [29], in which the mo-
mentum transferrable in each Bragg diffraction pulse in-
creases as the square root of the available laser power [27].
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Fig. 3: Here we experimentally demonstration the faster sensi-
tivity scaling. The interferometric phase offset Φ is measured
for each fringe as the interferometer time T is increased. The
blue solid line is a fit to the MZ phase ΦMZ (blue triangles) of
the form ΦMZ = 2nk · aT
2 to extract the acceleration a along
the waveguide (due to a slight tilt) for the day the data was
taken. This acceleration is then used to predict ΦCAB for the
CAB sequence by equation (1) (red dashed line). Experimen-
tal measurement of ΦCAB for the CAB sequence (red circles)
increases faster than T 2, as predicted by Eq. (1). Uncertain-
ties in Φ extracted from each fringe are one standard deviation
confidence intervals.
However, in the CAB scheme lattice depth and accelera-
tion rate are limited by the instantaneous velocity separa-
tion of the two clouds [24]. This is because if the lattice
is too deep it will also bind the other momentum state,
and thus our acceleration will no longer be state selective.
Therefore, the best possible use of available laser power
would require the application of a constantly increasing
relative acceleration ∆dab
dt
(known as constant jerk) be-
tween the two states, while commensurately increasing the
optical lattice depth. This would give a a space-time area
of AT 4 =
1
24∆
dab
dt
T 4, producing an interferometer with
phase Φ = ΦMZ +
m
h¯
a · AT 4 . At the point at which lat-
tice depth is limited by available laser power, the max-
imum acceleration rate will become constant again, and
so the scaling will revert to T 3. Generalising to arbitrary
scalings in T would be possible if an interferometer were
developed with a constant n-th derivative of displacement
(for n ≥ 1). It would have a space time area of
ATn+1 =
1
n! 2n−1
[(
d
dt
)n
∆x
]
T n+1 (3)
and therefore a T n+1 scaling in acceleration sensitivity.
Although there is no practical advantage beyond constant
jerk in the present system, it is possible that an analogous
scheme will be developed in the future which is not limited
by laser power, and could practically take advantage of
these higher scalings. For instance, one can envisage posi-
tionally dependent trapping potentials (e.g. dipole traps)
accelerating each cloud in opposite directions once they
are separated in space.
The choice of Bragg [24] and not Raman [15] beamsplit-
ters in this configuration allows both momentum states to
be in the same magnetic internal state throughout the in-
terferometer, eliminating a systematic phase shift. The
use of a BEC source cloud presents its own systematic
phase shift, the density-dependent mean-field shift [30].
However, this shift can be reduced arbitrarily by lowering
the cloud’s density via the delta-kick-cooling process [24],
or removed entirely by turning off mean-field interactions
through the use of a Feshbach resonance [31]. To separate
the effects of acceleration due to gravity, the optical po-
tential and the magnetic field gradients possibly present
in the experiment, one could use a magnetically insensi-
tive internal state [25] or compare the phase shift across
different isotopes simultaneously [32].
In the future, optical-lattice intensity-noise reduction in
this system is possible by using multiple overlaid Bloch lat-
tices to address both momentum states separately, and ac-
celerate them in opposite directions at the same time [16].
This will cancel the a.c. Stark shift due to Bloch laser in-
tensity noise, as each arm simultaneously experiences the
Bloch lattice. In the present CAB sequence the a.c. Stark
shift is only cancelled at a later time in the interferometer,
so with this improvement the interferometer will become
less sensitive to such fluctuations. However, as each arm of
the interferometer only experiences half the laser intensity,
this technique will quarter the maximum acceleration rate
of each state, due to it quadratic scaling with intensity
[28]. This results in a halving of the relative accelera-
tion rate ∆ab, and hence a halving of the signal Φ. Other
noise reductions in order to enhance signal-to-noise can be
achieved by reducing mechanical vibrations [24], evacuat-
ing the optical path and locking-out optical-lattice-laser
frequency fluctuations [33].
In summary we have demonstrated a novel configura-
tion for a cold-atom interferometer in which acceleration
sensitivity scales as T 3. This CAB configuration is realised
using an optical Bloch lattice to subject one arm of the
interferometer at a time to an additional constant acceler-
ation. The additional T 3 scaling in sensitivity to the exter-
nal inertial acceleration a allows this CAB configuration to
have increased sensitivity to accelerations measured with
a given interferometer time T than what is possible with
a Mach-Zehnder configuration. This CAB configuration
will therefore be useful in increasing the phase sensitivity
to accelerations at any given frequency, without requir-
ing any increase in available laser power. This technique
can therefore be immediately applied to greatest effect in
navigation and inertial sensors which are currently under
development, and in proposed schemes for gravitational
p-4
A faster scaling in acceleration-sensitive atom interferometers
wave detection.
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